Evaluation of the liquefaction potential of a liquefaction-prone area is important for geotechnical earthquake engineering, both for assessment for site selection and for planning and new constructions. The liquefaction potential index for the city of Duzce in northwestern Turkey using the empirical relationships between the Standard Penetration Test (SPT) and the Shear Wave Velocity Test ( ) was investigated in this study. After, values based on SPT blow counts ( ) were obtained from the alluvial soils in the city of Duzce. The liquefaction potential indexes of the soils were determined using the empirical relationships between the Standard Penetration Test (SPT) and the Shear Wave Velocity Test ( ) calculating for a probable earthquake of = 7.2. In the result of the study, the liquefaction potential index (LPI) values were interpreted and compared evaluating the SPT blow count values obtained from the study area. Based on the empirical relationships assumed for the soils, it was observed that there was not a perfect agreement between the results of the two methods. The liquefaction potential index values using the SPT blow counts were found to be lower than those of the method.
Introduction
The liquefaction resistance of soils can be evaluated using laboratory tests such as the cyclic simple shear and cyclic triaxial and cyclic torsional shear tests. Additionally, field methods such as the Standard Penetration Test (SPT), Cone Penetration Test (CPT), and Shear Wave Velocity Test ( ) can be employed. The occurrence of liquefaction in soils is often evaluated using the simplified procedure originally developed and proposed by Seed and Idriss [1] based on the SPT blow counts correlated with the cyclic stress ratio (CSR), a parameter representing the seismic loading on the soil. This procedure has undergone several revisions and updates [2] [3] [4] . In addition to these, procedures have been developed based on the Cone Penetration Test (CPT), Becker Penetration Test (BPT), and small-strain Shear Wave Velocity ( ) measurements. Youd et al. [2] provided and enhanced a recent review of the Seed and Idriss simplified procedure and the in situ test methods commonly used to evaluate the liquefaction resistance of soils.
The use of to determine the liquefaction resistance is influenced by factors such as confining stress, plasticity, and relative density [5] [6] [7] . In situ can be measured by several seismic tests, including cross hole, down hole, seismic cone penetrometer (SCPT), suspension logger, and spectral analysis of the surface waves (SASW) [8] .
During the past two decades, several procedures have been proposed to estimate liquefaction resistance based on [8] . These procedures were developed from laboratory studies [8] [9] [10] [11] [12] [13] [14] [15] , analytical studies [16, 17] , penetration equations [18, 19] , and in situ measurements at earthquake sites [20] [21] [22] . Some of these procedures follow the general approach of the Seed-Idriss simplified procedure, in which the is corrected with the cyclic stress ratio. This paper presents the results of the comparison between the and SPT methods of soil liquefaction potential evaluation carried out in Duzce Province in Turkey. Furthermore, the liquefaction potential indexes (LPI) for both aforementioned methods were calculated using the procedure of Iwasaki et al. [23] .
Study Area
Duzce Province is located in northwestern Turkey ( Figure 1 ). It is under the effect of the North Anatolian Fault Zone (NAFZ) and is about 30 km distant from the Black Sea. The provincial capital of Duzce is situated on an alluvial soil site.
Geomorphological and Geological Setting.
The study area is situated in an active seismic earthquake zone [24] . Duzce has been affected by the active faults. The 1957 Bolu ( = 7) and 1967 Adapazarı ( = 7.1) earthquakes occurred on the Bolu-Abant Dokurcun segments of the NAFZ. The active and probable active faults of Duzce, Hendek, and Ç ilimli are in close proximity to the study area [25] (Figure 2 ).
During the ( = 7.4) earthquake of 1999, the 30 km eastern segment of the 130 km fault rupture occurred on the western part of the Duzce Fault reaching to Efteni Lake [25] . Duzce plain is an active subsidence and deposition area controlled by lateral strike slip faults surrounded by pre-Quaterney-aged rocks. The oldest is the Yıgılca Unit of Eocene-aged caycuma. Formations include volcanic sandstone, rottenstone, andestic and basaltic lavas and volcanic breccia [26] . Quaternary-aged fan, deltaic, and marsh type Figure 3 : Geological map of the study area and some borehole locations [26] .
deposits cover this unit, which consists of gravel, sand, silt, and clay material ( Figure 3 ). Due to the elevation of the surrounding rocks and as a result of the basin drainage, deposition occurred mostly in the Duzce area and its surroundings (Figure 4 ). Little Melen (Kucuk Melen) River discharges into the lake and continues flowing towards the only discharge from the lake, the Big Melen (Buyuk Melen) River. In addition, Aksu, Ugursuyu and Aydınpınar Creeks deposit alluvial fans and join in the lake basin. The surrounding rocks are extremely weathered by eroding, allowing the increase in sedimentation. The thickness of the sedimentation is about 260-300 m. The deposition areas have displaced laterally and the horizontal stratigraphy has been altered [25] (Figure 4 ).
Seismotectonics of the Study Area.
Duzce plain is a pull apart type basin that is controlled by the lateral strike slip fault system in the NAFZ [28] (Figure 5 ). Paleo-and neotectonic period active faults exist at the north and south of the plain. There are several faults which are parallel and oblique to these major faults. During the 12 November 1999's earthquake, the surface rupture ranged through Golyaka on the south towards Kaynaşlı on the east, ending in the Asarsu Valley and Figure 5 : Epicenters of the earthquakes and historical earthquakes in the region [25] .
the Bolu Tunnel. The city of Duzce is situated in the middle of the plain on a pressure ridge type hill, probably tectonically controlled. Major earthquake records are given in Table 1 . Historical earthquakes have been recorded on the AbantBayramoren segment in the south. There were 12 earthquakes between 1967 and 1890. The great earthquake of 17 August, 1668 ( = 8), caused a disaster in Anatolia [29] , with aftershocks continuing for 6 months [30] . The Bolu-Gerede earthquake ( = 7.3) on January 2, 1944, was a major one, recorded after the implementation of instruments for scientific measurement of magnitude. It was noted that 2,381 people died and 50,000 houses were damaged [31] . Although the 17 August, 1999, Marmara and 12 November, 1999, Duzce earthquakes occurred on the western segment of the North Anatolian Fault, the measured average value of the horizontal ground acceleration was 0.54 g in Duzce [32] .
Materials and Methods

Field Investigations.
Geotechnical bore holes were drilled at 40 locations. The depths of the boreholes ranged from 10 to 30 m, which measured to a total of 296 m. These boreholes were utilized to determine the consistency of fine-grained soils and the stiffness of the coarse soils, to obtain undisturbed and disturbed samples and to measure the groundwater level. A Standard Penetration Test (SPT) [33] was carried out during the drillings and SPT N blow counts were obtained in the boreholes. In situ unit weight and moisture content values were obtained from the trial pits. Then, representative soil samples were obtained in order to determine the geomechanical properties of the soils. The 296 m-thick alluvium was very heterogeneous and included confined and umconfined aquifers. The groundwater level was mostly at the surface and ranged between 1.5 and 3.9 m.
In this study, the shear wave velocity ( ) measurements were based on Andrus et al. [27] process for assessing liquefaction potential; values were calculated using empirical equations between shear wave velocity and SPT blow count ( ) for all types as follows [34] . The values based on SPT blow count ( ) were given below ( Table 2 ):
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Calculation of Seismic Hazard Design Parameters.
The Duzce Fault Zone is situated 13 km south of the study area, the North Anatolian Fault Zone is located 73 km south of the study area, and the Hendek Fault is found 29 km north-west of the study field ( Figure 6 ). The fault zone with the highest possible acceleration in the study site is the North Anatolian Fault Zone. A circle with a radius of 100 km was drawn around the study area in order to identify the seismic design parameters. Within this circle, active seismic sources thought to affect the study field were vertically connected to calculate the shortest routes to the study field in km ( Figure 6 ). These investigations and measurements showed that there were three main fault zones inside the circle. Then, the horizontal flying distances to the study field were calculated as 13 km for the Duzce Fault, 29 km for the Hendek Fault, and 73 km for the North Anatolian Fault [35] .
The map of Turkey's active faults published by the Mineral Research and Exploration Institute indicates the total length of the Duzce, Hendek, and North Anatolian Faults as 85 km, 60 km, and 200 km, respectively [35] . The DuzceFault, which is the shortest distance to the study area and has the potential to produce an earthquake, was taken into consideration in the main objective of the study when estimating the next earthquake expected to occur.
According to Mark [39] , it is assumed that 1/3 of this fault zone could be ruptured. Therefore, the moment size of the probable seismic design was calculated by using the equation of Wells and Coppersmith [40] , as seen below (6):
where is moment magnitude and is fault length (km). According to this approach, moment magnitude was calculated to be 7.2 in the case of a rupture of 1/3 of the fault length.
Horizontal earthquake acceleration (peak ground acceleration, PGA) was calculated by using the attenuation relationship (7) 
where = 0 and = 1 values are used for soft soils, Re is the shortest horizontal flying length to the respective fault zone from the settlement, and is the magnitude of the earthquake. The peak horizontal earthquake acceleration that can be created by the seismic design was found to be 0.28 g.
Assessment of Liquefaction Potential
Prediction of the liquefaction potential of soils is based on cyclic laboratory testing on soil samples and use of in-situ tests and empirical methods. However, the use of laboratory testing is complicated due to difficulties associated with sample disturbance during both sampling and reconsolidation. Thus, empirical approaches based on the in-situ penetration test results have gained popularity in engineering practice as well as in engineering codes [42] .
In this study, after obtaining the in situ test results, the evaluation of the liquefaction procedure was begun. The evaluation procedures based on the Standard Penetration Test (SPT) [43] and measurement of shear wave velocity ( ) [27] require the measurement of three parameters: (1) the level of cyclic loading on the soil caused by the earthquake, expressed as an acyclic stress ratio (CSR); (2) the stiffness of the soil, expressed as over burden stress (corrected SPT blow count) due to shear wave velocity; and (3) the resistance of the soil to liquefaction, expressed as a cyclic resistance ratio (CRR). Guidelines for calculating each parameter are presented below [44] .
Cyclic Stress Ratio (CSR).
The cyclic stress ratio (CSR) characterizes the seismic demand induced by a given earthquake, and it can be determined from peak ground surface acceleration that depends upon site-specific ground motions [45] . The expression for the CSR induced by earthquake ground motions formulated by Idriss and Boulanger [46] is as follows:
where 0.65 is a weighing factor to calculate the equivalent uniform stress cycles required to generate the same pore water pressure during an earthquake; the max is the peak horizontal ground acceleration; is the acceleration of gravity; and are total vertical overburden stress and effective vertical overburden stress, respectively, at a given depth below the ground surface; is the depth-dependent stress reduction factor; MSF is the magnitude scaling factor; and is the overburden correction factor. The stress reduction factor ( ) accounts for the dynamic response of the soil column and represents the variation of shear stress amplitude with depth. Idriss and Boulanger [46] 8 Advances in Materials Science and Engineering formulated the following expressions to calculate the stress reduction factor ( ) (9)-(11): 
where is the depth (m) and is the moment magnitude. The arguments inside the sine terms in (10) and (11) are in radians. The above expression for is valid up to a depth of ≤ 34 m, and the depths of the boreholes considered in the present analysis were less than 34 m.
The values of CSR that pertain to the equivalent uniform shear stress induced by an earthquake of magnitude, = 7.5, were adjusted to an equivalent CSR for an earthquake of magnitude = 7.5 through the introduction of the magnitude scaling factor (MSF), which accounts for the duration effect of ground motions. The MSF for < 7.5 is expressed as follows (12):
Since the liquefaction resistance increases with increasing confining stress, the overburden correction factor ( ) was applied such that the values of CSR were adjusted to an equivalent overburden pressure of 1 atmosphere equations (13)-(14): 
is the atmospheric pressure (= 00 kPa).
Corrected SPT Blowcount and Shear Wave Velocity.
In this study, the measured SPT values ( ) were corrected for overburden stress, energy ratio, diameter of boreholes, length of sampling rod, and the type of sampler by introducing a series of correction factors. 60 is the corrected value for a 60% energy ratio with an assumption that 60% of the energy was transferred from the falling hammer to the SPT sampler. The corrected ( 1 ) 60 values were calculated as follows (15):
where is a factor to normalize to a common reference effective overburden stress; is the correction for the hammer energy ratio ( ); is the correction factor for borehole diameter; is the correction factor for rod length; and is the correction for samplers with or without liners. The value of was calculated as per (15) and was limited to a maximum value of 1.7. , , and were assumed to be 1.1, 1.0, and 0.6, respectively. Rod length correction with respect to the depth ( ) at each borehole location was corrected as shown in Table 3 , as suggested by Youd and Idriss [47] . The overburden correction ( ) factor to normalize ( 1 ) 60 to a common reference effective overburden stress is as follows (16)- (17):
It can be observed from (16) and (17) that ( 1 ) 60 and are interdependent. A series of iterations were carried out to determine ( 1 ) 60 and until the difference between successive iteration values was less than 0.001.
In addition, shear wave velocities had to be corrected. In the procedure of liquefaction potential evaluation proposed by Andrus et al. [27] , shear wave velocity was corrected to overburden stress and (18) was suggested:
where is the shear wave velocity (m/s); 1 is the stresscorrected shear wave velocity (m/s); is the atmosphere pressure equal to 100 kPa; shows the the effective overburden stress; and is the coefficient of effective earth pressure (in this study assumed equal to 0.5) [44] .
Evaluation of the Cyclic Resistance Ratio (CRR).
Determination of the cyclic resistance ratio (CRR) requires fines content (FC) of the soil to correct updated SPT blow count ( 1 ) 60 to an equivalent clean sand standard penetration resistance value ( 1 ) 60cs . Idriss and Boulanger [46] determined the CRR value for cohesionless soil with any fines content using the following expression (19) - (21): where Δ( 1 ) 60 is the correction for fines content in percent (FC) present in the soil and is expressed as
. (21) Separately, as regarding the use of as an index of liquefaction resistance, it has been illustrated by several authors. The most popular CRR-correlation ( Figure 7 ) was proposed by Andrus and Stokoe [22] for uncemented Holocene-age soils, based on a database including 26 earthquakes and more than 70 test sites. The CRR is obtained as a function of an overburden-stress corrected shear wave velocity 1 = ( / 0 ) 0.25 , where = measured shear wave velocity, = atmospheric pressure (≈ 100 kp ), and 0 = initial effective vertical stress (same units as ). Andrus et al. [27] introduced age correction factors to extend the original correlation of Andrus and Stokoe [22] to soils older than Holocene. Their CRR-VS1 relationship (curves in Figure 7 , for various fines contents) is approximated by: [50] . However, Andrus et al. [27] noted the associated high uncertainty and the need for additional work to quantify the influence of age on CRR, as well as on .
Determination of the Factor of Safety.
The factor of safety against liquefaction (FS) is commonly used to quantify liquefaction potential. The factor of safety against liquefaction (FS) can be defined as follows:
Both CSR and CRR vary with depth and, therefore, the liquefaction potential is evaluated at corresponding depths within the soil profile.
Determination of the Liquefaction Potential Index.
The liquefaction potential index (LPI) is a single-valued parameter to evaluate regional liquefaction potential. The LPI at a site is computed by integrating the factors of safety (FS) along the soil column up to a depth of 20 m. A weighting function is added to give more weight to the layers closer to the ground surface. The liquefaction potential index (LPI) proposed by Iwasaki et al. [36, 51] is expressed as follows (24). The criteria of the level of liquefaction severity indexes were given below (Table 4) :
where is the depth of the midpoint of the soil layer (0 to 20 m) and is the differential increment of depth. The weighting factor, ( ), and the severity factor, ( ), are calculated as per the following expressions (25) 
where is the thickness of the discretized soil layers; is the number of layers; is liquefaction severity for th layer; FS is the factor of safety for th layer; is the the weighting factor (= 10 − 0.5 ); and is the depth of th layer (m).
Assessment of the Liquefaction Potential Index
The city of Duzce has been reconstructed since the 12 November earthquake of 1999. The general form of construction had typically been a 4-5-storey reinforced-concrete frame and masonry structure. After the 12 November Duzce earthquake experience, regulations were changed to limit construction to 2-3-storey buildings. The city is located over deep alluvial deposits. The main soils deposited at this site are comprised of alluvial sand and silt. The boreholes in Duzce were drilled around the Efteni Lake at a depth of 200 m and did not reach bedrock. The shallow soils at approximately 10 m are recent deposits laid down by the Aksu and Melen Rivers that flooded the area. Turkey is located in the active tectonic region of the Alp Himalayan Earthquake Zone, so this area is an active region seismologically. There are several active tectonic sections in Turkey, such as the North Anatolian Fault Zone, the East Anatolian Fault Zone, the West Anatolian Grabens, the Ecemiş Fault Zone, and the Tuzgolu Fault Zone [52] . Duzce Province is located near the Duzce Fault segment of the North Anatolian Fault Zone which is active in the Western Black Sea throughout the boreholes were employed as input parameters to determine the liquefaction potential index. In addition, the magnitude of the earthquake and the maximum horizontal acceleration of those parameters to be created due to local faults were used here for evaluating the liquefaction potential index. The Duzce Fault Zone of the North Anatolian Fault Zone and surrounding zones were generated and showed an average of 7.2 moment magnitudes. For this reason, the magnitude of the projected earthquake was found by using 7.2 for the calculations. In this context, the typical computation of factors of safety against liquefaction for earthquakes ( = 7.2) yielded by the Duzce Fault Zone was carried out at the chosen borehole using (2) through (20) . The LPI at this particular site was calculated from the FS values based on the expression by Luna and Frost [37] . The LPI values were computed at the study site for magnitudes of = 7.2.
Great effort was taken in the analysis of the other input parameter for determining the liquefaction potential, the maximum ground acceleration ( max ). However, some researchers have offered empirical equations for the maximum ground acceleration [41, 53, 54] . In particular, the comprehensive study of Ulusay et al. [41] should be mentioned as it relates to the iso-acceleration map of Turkey. In this study, the max values were calculated as approximately 502 gal for the Duzce Fault Zone segment. The liquefaction potential index indices for 40 boreholes were calculated and are given in Table 5 and Figures 8, 9 , 10, and 11. In addition, 
Boreholes number
The level of liquefaction severity (LPI) Equation (1) E q u a t i o n( 2) E q u a t i o n( 3) E q u a t i o n( 4) E q u a t i o n( 5 the distributions of liquefaction potential indexes are presented in Figure 12 as a pie chart.
Results and Conclusions
The evaluation of the liquefaction potential of a liquefactionprone area is of vital importance in geotechnical earthquake engineering, both for assessment for site selection and for planning and construction. This study investigated two field methods used to evaluate the liquefaction potential of soils, the Standard Penetration Test (SPT) and the Shear Wave Velocity Test ( ), based on the empirical relationships between them. Attempts were made to evaluate the factors of safety against liquefaction (FS) and corresponding liquefaction potential indices (LPI) for a local fault zone in order to produce the seismic movement for the province using SPT-N-based semiempirical procedures.
The concept of the liquefaction potential index was used in this study for liquefaction susceptibility, as proposed by Iwasaki et al. [36] . The distribution of the LPI was generated in order to predict the occurrence of damaging liquefaction for an earthquake to be yielded by the local fault zone in Duzce Province in the Western Black Sea Region of Turkey. This study area is under the effect of the North Anatolian Fault Zone through its segment, the Duzce Fault Zone, which was evaluated for producing the liquefaction potential indices by calculating for a probable earthquake of (35, 36) . Moreover, it can be observed that the relationships between the SPT method and the shear wave velocity are not suitable. Because the relationships used in the present study are dependent on soil type, fines content, type of tests, and their accuracy, it might be more valid to perform both methods for the same place and then compare the results in order to evaluate the liquefaction potential.
Finally, a very high susceptibility category of liquefaction was observed for the potential earthquake of = 7.2; however, 3.8-10.2% of the study area is in the highly susceptible liquefaction class in five distribution charts according to (1)- (5) . The percentage that is moderately susceptible takes up the least area from the other class: 1.2-4.1% for all locations in the distribution charts. The low susceptibility areas are 28.76-65%, respectively.
In conclusion, the areas developed on reclaimed land having large, thick deposits of soft soil and shallow groundwater levels were observed to be more prone to liquefaction. This paper reveals that some of the areas are more highly prone to liquefaction due to the greater thickness of the soft soil deposits and groundwater table at shallow depths. It can be observed from the distribution of the LPI that a high degree of liquefaction would occur at several sites in the Province of Duzce during a seismic event. These LPI distributions will
